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Until  recently  the  patterns  of  growth  and  deve  1  .* .'nt  of 
microorganisms  were  etudied  by  invectigatoro  using  populations  in 
the  billior.a  in  which  the  physiological  state  of  the  ii. dividual 
cells  v.as  highly  varied.  Thus,  concluaionowere  based  on  averaged 
results  that  did  not  reflect  the  properties  of  the  individual  micro¬ 
bial  cell  at  different  times  in  its  life.  The  effort  to  obtain  po¬ 
pulations  of  microorganisms  all  of  whose  cells  might  be  in  the  same 
growth  stage  led  investigators  to  synchronize  their  reproduction. 

The  method  involves,  in  essence,  using  agents  of  one  kind  or  another 
to  bring  the  microbial  population  into  the  same  physiological  state, 
one  criterion  of  wnich  is  tho  simultaneous  (synchronous)  division  of 
almost  all  the  cells. 

Tiic  first  attempts  at  synchronizat ion  date  back  to  1923  when 
Sherman  and  Cameron  (cited  by  Jachcrts)  noted  a  doubling  of  the  num¬ 
ber  of  cells  ii  peculations  of  E.  coli  after  exposure  to  low  tempera¬ 
tures  (cold  shock).  Hershey  used  fractional  sedimentation  to  sepa¬ 
rate  shigella  cultures  into  cells  of  different  sizes.  Their  subse¬ 
quent  growth  was  marked  by  the  rhythmic  division  of  small  and  large 
Celia.  Tiic  synchronization  molhod  gi  ined  widespread  popularity  af¬ 
ter  the  'work  of  Tamiya  et  al.  and  Barncr  and  Cohen  who  regarded  syn¬ 
chronized  populations  as  a  single  organism  with  characteristic 
physiological  properties  for  each  stage  in  its  development. 

During  tho  past  10  years  synchronized  reproduction  has  been 
observed  in  microbes,  protozoans,  algae,  tissue  culture  cells.  The 


microorganisms  studied  included  the  intestinal  bu^urio,  mouse  typhus 
salmons 1 las ,  pneumococci,  and  diphtheria  bacteria. 

The  mot  hods  of  sync hronotis  propagation  nro  nur-rati*  nntl  varied. 
They  can  bo  divided  into  throe  large  groups  according  t  the  nature 
of  the  action:  mechanical  selection,  physical,  and  chcuicul-bio  logi¬ 
cal. 

The  methods  based  on  mechanical  selection  of  asynchronous ly 
dividing  populations  with  soric  similar  characteristics  arc  called 
natural  or  selective.  Some  of  them  .are  widely  used  in  microbiologi¬ 
cal  research.  For  example,  Maruyana  and  Yunagita,  Lark,  Abbo  and 
Pardee,  Anderson  and  Pettijohn,  and  others  obtained  comparable  re¬ 
sults  by  differential  centrifugation  of  E.  col  i ,  Sncch.'ror-cc-:  cerc- 
visi.iQ,  and  Chlorella.  Prescott  and  Golub  observed  the  effect  o7 
synchronized  propagation  of  Amoeba  proteus  and  Saccharomyccs  in  the 
initial  stages  of  development  from  a  single  cell  (micromanipulation). 
Spektorov  and  Lin'kova  suggested  the  simple  method  of  natural  sedi¬ 
mentation  to  synchronise  Chlorolla  propagation.  Wo  nay  also  include 
here  the  studies  of  Young  and  Fitz-James  who  achieved  synchronous 
propagation  of  Bacillus  ccreus  through  development  of  the  population 
from  selected  spores. 

Thus,  the  first  group  of  methods  involves  the  mechanical  se¬ 
lection  of  cells  from  a  population  according  to  the  volume,  weight, 
or  certain  forms  of  existence  (in  the  ease  of  selection  of  spores). 

The  use  of  selective  methods  is  based  on  the  assumption  that  such 
properties  as  cell  volume  and  weight  reflect  a  particular  physiolo¬ 
gical  state.  However,  these  methods  arc  not  suitable  for  all  kinds 
of  microorganisms.  For  example,  selection  involving  centrifugation 
or  filtration  (licrshey,  Jacherta)  is  unsuitable  for  the  mobile  forms 
of  bacteria  which  have  well-developed  flagella. 

The  second  group  of  methods  is  based  on  the  use  of  physical 
agents,  the  commonest  being  temperature  (Lark  and  Maalc,  llunter- 
Szvbalcka  et  al.,  Biryuzt va  and  Nikitina,  Hess  and  Shon,  and  others). 
Synchronization  of  the  populations  io  achieved  by  a  single  (shock) 
or  repeated  (changes  in  temperature  between  two  levels)  exposure  to 
higher  or  lower  temperatures  than  those  known  to  be  optimal  for  the 
particular  species.  The  temperature  effect  blocks  the  process  of 
division  (Swann)  and  slows  but  docs  not  halt  cell  grot  i  and  develop¬ 
ment  (Scherbaum) ,  resulting  ultimately  in  a  uniform  population.  Then 
after  the  shock  is  neutralized,  70  to  95)4  of  the  cells  start  to  di¬ 
vide  simultaneously.  This  typo  of  action  is  used  largely  for  microbe* 
protozoans,  and  tissue  culture  cells.  Another  technique  is  to  ex¬ 
pose  microorganisms  to  sublethal  doses  of  X-rays.  Spoerl  and  Loonsy 
induced  simultaneous  budding  in  a  Saccharomycoa  cerevisiae  culturs 


by  lag  it  to  1.35  kr/hour  of  X-rayn .  Still  another  typo  of 

r.'.vs  icw  I  wet  ion  is  tno  periodic  alternation  of  light  and  darkness, 
a  cl  hod  uci;cnued  in  the  survey  of  Gory u.-.ova  ct  al. 

Th taii-il  group  of  factors  ullcrs  the  mctubolinm  of  tho  cul¬ 
ture  under  study.  For  example,  Scott,  Xeroa,  end  Lark  .-  ~.d  Lari:  a f - 
■  treatin'  cultures  of  microorganisms  and  monolayer  tissue  cul¬ 
ture:)  (Ch.mg  cell  .)  with  dcoxyri  bos  idcr. ,  r  ibonuclcos  idea  ,  and  2,d- 
dinitrophenol  ob'  orved  simultaneous  division,  which  they  .attributed 
to  the  suppression  of  UNA  synthesis  by  the  above  sub Utnccs.  This 
vie,'  i6  consistent  with  the  findings  of  Lanier  and  Klenov/  who  showed 
that  dcoxyadcr.os inc  retards  UNA  synthesis  in  Ehrlich's  ascites  tumor 
cells.  Cr.e  of  the  most  popular  techniques  is  the  so-called  metabolic 
•'■bock,  turner  nnd  Cohen,  Burns,  Stevenson,  and  others  left  popula¬ 
tions  of  the  thymine-dependent  mutant  of  11.  coli,  deoxyrifcosidc  mu¬ 
tant  of  Lactobacillus  acidophilus,  or  arthrobactcria  (which  require 
vitamin  E^2  f°r  their  existence)  without  the  corresponding  depen¬ 
dency  factor.  The  subsequent  addition  of  thymine,  dcoxynbosidc ,  or 
vitamin  3|2  to  the  medium  caused  these  microorganisms  to  reproduce 
s lmultancously. 

Synchronization  can  ho  achieved  by  using  "hungry"  media  from 
which  the  most  important  constituents  have  been  eliminated  or  de¬ 
creased  (Campbell,  Greve,  and  others).  The  subsequent  addition  of 
the  deficient  substance  or  transfer  of  the  cells  to  a  rich  medium 
stimulates  synchronous  division. 

Dcr.pite  the  variety  of  methods  available,  it  is  not  always 
possible  to  achieve  the  desired  degree  of  synchronization.  In  such 
cases  agents  are  combined.  For  example,  Perry  combined  temperaturo 
and  metabolic  shock  to  induce  simultaneous  reproduction  in  fckcoli. 
Williamson  and  Scopes,  in  addition  to  temperature  shock  and  culti¬ 
vation  in  a  hungry  medium,  subjected  a  3  icchnronyo.T.  ccrev  is  inc  cul¬ 
ture  to  centrifugation  and  treatment  with  the  intestinal  juice  of 
snails  to  remove  paired  and  unpaired  buds. 

There  arc  covcrnl  hypotheses  to  c:. plain  the  mechanism  of  cell 
division  in  synchronized  cultures.  Hotchkiss  thinks  that  tempera¬ 
ture  shock  cupprccsca  some  enzymatic  processes  related  to  cell  di¬ 
vision,  while  the  microbial  mass  is  provided  with  all  that  it  needs 
for  growth  and  development.  Removal  of  the  blocicing  factor  promotes 
the  synthesis  of  the  compound  responsible  for  coll  multiplication. 

If  present  in  adequate  quantities,  almost  all  the  cells  in  the  popu¬ 
lation  start  to  divide  at  the  name  time.  Williamson  and  Scopes  as¬ 
sume  the  existence  of  several  "trigger"  mcchunisms.  The  substances 
responsible  for  the  budding  of  yeast  can  be  synthesized  regardless 
of  tho  growth  of  ths  mass.  However,  the  authors  do  not  rule  out  ths 


nosr-iblc  influence  of  structural  reorganization  in  the  Membrane,  al  - 
-  '  "j  - li  they  i  not  i  ".plain  ti.c  mechanism  of  this  pro:;.  ■.  Home  con¬ 
firmation  is  to  bo  found  in  the  data  of  Nickerson  ar.U  *■'.  leone  v/ho 
*»t:’-.iod  the  activity  of  protein  d  i  alfido  reduct;::.c  in  •  r.uL.-.nt  of 
C.  •<!  ■!  a  \  h  i  ca  ■  : .  They  <  cncludci!  hat  division  in  yeasts  starts 
'  ita  the  'due  L  ion  of  the  disulfide  bond;;  of  the  ckor.i  e;l  structures 
in  the  ir.ir.o.  Sckcrblaum  fried  to  identify  th.  rr.lt  ;..iic  Lion 
factor  with  a  r.p'  cial  fraction  of  ON A  and  a  thymii. c-conl. linin  ;  cocn- 
z.y me •  jle  bases  his  view  on  the  close  relationship  existing  between 
DNA  synthesis  and  cell  division  in  experiments  with  a  single  cold 
shock,  which  halts  cell  division  but  permits  the  synthesis  of  UNA 
and  proteins  to  continue*  The  author's  hypothesis  of  a  thymine-con— 
tain  in-  cocnzymo  m.ay  be  linked  to  the  observations  of  Burner  and  Co¬ 
hen  and  those  of  Prusoff  on  the  possibility  of  achieving  synchroni¬ 
zation  by  adding  thymine  to  a  medium  containing  thymine-dependent 
mutants.  However,  synchronization  may  be  achieved  with  other  de¬ 
pendent  mutants  by  adding  the  corresponding  factor  to  the  medium. 

The  main  purpose  of  the  research  on  models  of  simultaneously 
divising  cultures  was  to  search  for  the  factors  responsible  for  cell 
growth  and  multiplication.  Considerable  attention  was  focused  on 
the  dynamics  of  the  synthesis  of  DNA,  protein  UNA,  and  phosphorus 
compounds.  The  great  majority  of  experiments  performed  on  different 
objects  using  various  methods  of  synchronization  showed  that  DNA  is 
synthesized  unevenly  in  the  courso  of  a  single  generation  (Ogur  et 
al.,  Iwamura,  Nygaard  et  al.,  Zaytseva,  and  others).  For  example, 
the  amount  of  DNA  doubles  immediately  after  simultaneous  division 
if  the  cells  divide  in  two.  In  the  sporulation  phase  of  Chlorella, 
on  the  other  hand,  DNA  increases  in  proportion  to  thfc  number  of  new¬ 
ly  formed  cells.  These  findings  are  in  agreement  with  present-day 
thinking  on  the  constant  DNA  content  of  each  nucleus.  Young  and 
Fitz-James,  Schaechter  et  al.,  Barner  and  Cohen,  and  Abbo  and  Purdcc 
reached  a  different  conclusion.  They  showed  that  DNA  synthesis  in 
synchronized  Bacillus  cereus  and  E.  coli  cultures  takes  place cont inu- 
ously.  These  results  may  be  due  to  the  nature  of  the  techniques  used 
in  the  work  (synchronized  B.  cereus  cultures  were  obtained  from  se¬ 
lected  spores). 

Studies  on  the  dynamics  of  RNA  synthesis  without  separation 
into  individual  fractions  showed  that  the  substance  is  synthesized 
continuously  during  an  entire  generation  (Nygaard  et  al.,  Abbo  and 
Pardee).  But  separate  analysis  of  the  Bedimontury  and  supernatant 
fractions  of  RNA  revealed  some  differences  in  the  nature  of  the  syn¬ 
thesis  of  these  compounds  (Maruyama  and  Lark).  RNA  from  the  sedi¬ 
mentary  fraction  was  found  to  bo  synthesized  periodically,  whereas 
the  fraction  obtained  from  the  supernatant  is  synthesized  continuous¬ 
ly.  Poriodic  synthesis  of  RNA  was  observed  in  yeasts  as  well  as  in 
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bacteria.  A  yeast  culture  was  obtained  from  a  single  C"li  (Mitchi- 
.'.oa  and  ’.Vr.  liter).  In  1963  Zaytseva  studied  separately  >•  ■  *  lore  :>t  kinds 
of  UNA  in  the  course  of  the  synchronous  development  of  .‘.sot obucter , 
concluding  that  the  synthesis  of  soluble  and  information  UN.',  is  dis¬ 
tinctly  periodic.  The  maximum  accumulation  occurs  before  division, 
tho  minii..:i  aftr.  -ard,  but  the  amount  of  riboaomal  UNA  ir.creaoca  al- 
mo.. I  exponent  1 al iy  with  increase  in  protein. 

.‘Italy  of  tlie  dynamics  of  protein  syntlicsis  in  models  of  si¬ 
multaneously  dividing  Azotobacter  cultures  showed  that  protein  is 
synthesized  continuously  throughout  an  entire  generation  (Zaytseva 
el  al.).  However,  in  studying  separate  protein  fractions  she  found 
that  the  synthesis  of  polynucleotide  phonphorylase ,  UN  A  polynoraoc, 
nnd  nucleoside  phosphokinaso  comes  to  a  virtual  halt  during  tho  per¬ 
iod  of  division.  Tho  author  believes  that  the  cyclical  nature  of 
the  process  is  masked  by  the  continuous  proteosynthesir.  of  most  pro¬ 
tein  fractions  if  the  total  protein  content  is  analyzed  v/itnout  frac¬ 
tionating  it. 

The  dynamics  of  the  metabolism  of  the  so-enllcd  acid-solublo 
nucleotide  reserve  has  a  direct  bearing  on  DMA  and  UNA  r.ynthe.  is,  for 
such  nucleotides  aro  regarded  au  precursors  in  the  synthesis  of  tho 
nucleic  acids.  The  studies  of  Zaytdevn  et  al.  und  of.  Maruynma  and 
Lark  on  models  of  synchronized  Azotobacter  cultures  showed  tiiat  the 
amount  of  acid-soluble  mononucleotides  increases  greatly  before  each 
cell  division  and  decreases  sharply  thereafter.  The  authors  conclude 
that  changes  in  the  size  of  the  reserve  may  affect  the  synthesis  of 
the  nucleic  acids.  The  free  nucleotides  of  the  metabolic  reserve  seem 
to  function  as  regulators  of  their  biosynthesis. 

The  elements  of.  metabolism  connected  v/ith  the  energy  balance 
of  the  cell  are  particularly  important.  Adenos inc triphosphate  and 
polyphosphates  are  directly  involved  in  these  processes.  Zaytseva 
and  Plezner  on  synchronized  Azotobacter  vinclandii  and  Tctrahymcna 
nvr i formis  cultures  showed  that  quantitative  changes  in  the  adeno- 
sinetnphosphate  expended  in  the  course  of  cell  division  have  the 
same  rhythm  as  oxidative  phosphorylation,  while  the  polyphosphates 
undergo  substantial  quantitative  changes  in  the  period  of  cell  di¬ 
vision  of  synchronized  populations  (Zaytseva  et  al.,  Soli  et  al.). 
Meanwhile  the  amount  of  acid-insoluble  polyphoophatos  sharply  de¬ 
creases  with  simultaneous  increase  in  the  acid-solublo  polyphosphates, 
especially  mineral  phosphorus.  The  authors  bolieve  that  high-molecu¬ 
lar  acid-insoluble  polyphosphates  degrade  to  low-molecular  fragments, 
orthophosphate,  liberating  the  phosphorus  and  energy  that  are  needed 
for  coll  division. 

In  studying  the  mechanism  of  division,  the  investigators  fo¬ 
cused  on  enzymos  and  coenzymos.  The  resoarch  of  Sylvcn  ct  al.  on 


th'  dyn.  icr,  of  doc.  c  enzyme  flyr.  l  11  an  nynchron  i  ..-'d  y.-.-t  population* 
nhov.v  .  the  activity  of  the  pro ;  t- inn" a.i ,  ccpucinliy  U  .  •  p  p- 

tid.  cs,  increased  as  soon  as  division  r.  tail  oil .  The  cycles  of  in¬ 
to-,  "ified  proteolysis  wore  al do  linked  to  division.  ..e  invent iga- 
tors  think  that  tho  so  onzymon  take  port  in  interccl  lr.Lar  iv.r.clionn 
that  lend  to  replenishment  of  tho  mivturo  of  motabollc  r  • no  acids 
needed  for  protein  synthesis.  As  for  the  cocnzyines  of  t.ie  enzyme 
systems  involved  in  synthesis  of  tho  polysaccharides  in  the  cell 
walls  which,  according  to  Kotel 'nikova,  arc  uridindiphoepao  deriva¬ 
tives  of  sugars,  it  has  been  found  that  they  accumulate  rapidly  in 
the  interval  between  the  first  and  second  simultaneous  divisions 
(Zaytseva  ct  al.).  This  indicates  that  in  preparing  to  divido,  the 
cell  provides  itself  with  coenzymes  of  the  enzyme  systems  and  pre¬ 
cursors  participating  in  the  synthesis  of  various  polysaccharides 
and  phosphorylated  sugars. 

A  few  studies  on  models  of  simultaneously  dividing  cultures 
dealt  with  other  aspects  of  the  biology  of  the  microbial  cell,  c.g., 
lysogenicity  of  cultures  in  relation  to  the  phase  of  cell  growth. 
According  to  Lark  and  Maale,  the  frequency  of  lysogenicity  of  S.  ty- 
ph  ir-.uri  i:r.)  suddenly  doubles  6  minutes  before  division,  or  the  time 
required  for  the  amount  of  DNA  to  double.  Komig  et  al.  subjected 
a  synchronized  E.  coli  culture  to  lethal  doses  of  radiation  at  dif¬ 
ferent  times  during  tho  cell's  life  cycle.  They  found  that  young 
cells  died  in  larger  numbers  just  after  dividing  than  they  did  be¬ 
fore.  Among  these  cells  they  discovered  many  mutants.  The  increase 
in  number  of  mutations  and  frequency  of  lysogenicity  of  the  cells  be¬ 
fore  dividing  seem  to  depend  not  only  on  the  process  of  DNA  redupli¬ 
cation  but  also  on  the  increased  DNA  content  of  the  cell  and,  con¬ 
sequently,  increased  probability  of  mutations  arising. 

All  tho  factors  mentioned  above  convincingly  show  that  the 
method  of  synchronous  propagation  of  microorganisms  provides  broad 
opportunities  for  studying  their  physiology.  As  is  evident  from  the 
research  described,  certain  metabolic  processes  in  the  cell  are 
closely  bound  up  with  its  division.  It  has  been  found  that  prior 
to  the  start  of  cell  division  there  is  an  increase  in  the  amount  of 
DNA  and  individual  UNA  fractions  (S  and  m)  and  greater  activity  of 
the  enzyme  systems  (itNA  polymerases,  polynucleotide  phosphory la3es , 
nucleoside  pliosphokinascs ,  proteinasos,  and  d ipept idusen ) .  Zaytseva 
(1003)  believes  that  the  similarity  in  dynamics  of  accumulation  of 
the  individual  constituents  uuy  be  indicative  of  a  certain  degree  of 
coordinated  action  in  protein  synthesis  and  cyclical  nature  of  cell  d 
vision.  However,  tkcfactors  involved  and  the  mechanism  of  synchronous 
propagation  aro  still  obscure.  Further  research  may  throw  light  both 
on  the  mechanism  of  synchronous  propagation  and  on  the  propagation  of 
microorganisms  in  general  and  thus  open  up  tempting  prospects  for  con 
trolling  ths  processes  of  tbdlr  growth  and  multiplication. 
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